Abstract
consuming collection, processing, and annotation of the chromatin accessibility 23 information. Motivated by the above understanding, we developed a web server, named 24 OPENANNO, to annotate the openness of genomic regions across diverse cell lines, 25 tissues, and systems. The annotation is based on 871 DNase-seq experiments across 26 199 cell lines, 48 tissues, and 11 systems from ENCODE, and openness values 27 rigorously defined by four statistical strategies. Particularly, we designed a parallel 28 program to allow efficient annotation and visualization of the openness of a vast amount 29 of genomic regions. OPENANNO will help users extract and download formulated data 30 in a batch follow-up analysis. Besides, we illustrate the valuable information provided 31 by OPENANNO using an enhancer of blood vessels from VISTA Enhancer Browser 32 as an example. Furthermore, we demonstrate three applications of OPENANNO in 33 regulatory mechanism and association studies. We believe that OPENANNO will serve 34
Introduction

44
The era of the personal genome is arriving with the widespread sequencing technologies 45 and the ultimate promise for precision medicine. However, it remains distant in 46 interpreting the context of variations in non-coding DNA sequence associated with 47 disease and other phenotypes, deciphering their biological functions in gene regulation, 48
and further understanding disease mechanism and dynamic response to treatment [1, 2] . 49
Chromatin accessibility is a measure of the ability of nuclear macromolecules to 50 physically contact DNA [3] , and plays the role of a powerful marker of active regulatory 51 
Web interfaces for browse 173
On the 'Browse' page, users can study the openness of a particular genomic region 174 more intuitively. As illustrated in Figure 3 , we take an enhancer (chr10: 94,513,996-175 94,517,989) of the tissue of blood vessels provided by the VISTA Enhancer Browser 176 [22] as an example to demonstrate the service in this page. After submitting the form 177 that contains the chromosome, starting site, terminating site, and strand of a particular 178 genomic region, the web server provides information from three perspectives, including 179 human enhancers, and 979 VISTA human enhancers. We calculated the openness of 218 these regulatory elements in advance, and provide a download service on the 219 'Download' page to allow users to directly download plain text dump files in 220 compressed (gzip) format. We will continue to provide the openness of other public 221 and validated regulatory elements. To improve the usability, we provide a 'Help' page 222 with other commonly used information of the web server, including frequently asked 223 questions, news about the releases of OPENANNO, tutorials of each web interface, 224 citation information, and contact information for help and feedback. 225 The chromatin 'openness', i.e., the accessibility of genomic regions, calculated using 232 our method has been widely applied to various studies of regulatory mechanism. Here, 233
we show two examples to demonstrate the output of OPENANNO contains valuable 234 information. For example, a model named DeepTACT has been proposed to integrate 235 DNA sequences and chromatin accessibility data for the prediction of chromatin 236 contacts between regulatory elements [24] . Briefly, DeepTACT first performs a one-237 hot encoding strategy and calculates the raw read openness of each site for 238 characterizing a given genomic region. DeepTACT takes the sequences of two one-hot 239 encoded regulatory elements, and their chromatin openness scores derived from 240 OPENANNO of a given cell type as input. The output of DeepTACT is the predictive 241 score that represents the probability the two regulatory elements have 3D contact. In 242 the deep neural network of DeepTACT, a sequence module is used to extract features 243 from DNA sequences, an openness module is adopted to learn epigenomic features 244 from chromatin openness scores, and an integration module merges outputs of these 245 two modules and extracts high-level features with an attention-based recurrent neural 246 network to predict the probability that the two regulatory elements have 3D contact. The results demonstrate that the co-opening network contains new information 318 different from co-expression networks and protein-protein interactions networks. In 319 addition, the genes related to a specific biological process or a specific disease has been 320 demonstrated to tend to be clustered together in the co-opening network, which 321 facilitates detecting functional clusters in the network and predicting new functions for 322 genes. Particularly, through integrative analysis with fruitful genome-wide association 323 studies (GWAS) data, the co-opening network provides a new perspective to the 324 discovery of genes associated with complex diseases, and thus benefits elucidating gene 325 associations and the deciphering of disease mechanisms. For example, by simulating a 326 random walk process on the co-opening network, they use the steady state probability 327 assigned to a gene as a score to measure the likelihood that the gene is associated with 328 the disease under investigation. Applying this strategy to a complex disease named 329
Psoriasis, a potentially disfiguring immune-mediated inflammatory disease of skin, 330 they discovered TNFSF14 (TNF super family member 14, a biomarker of Psoriasis 331
[35]), which was ranked second by the random walk model while cannot be identified 332 by GWAS (p-value = 0.1616, ranked 1259 based on the p-value). In general, the co-333 opening network is ready to serve as a useful resource complementary to the widely 334 used co-expression network, and thus shed light on the studies in system biology. 335
336
Perspectives and concluding remarks 337 Chromatin accessibility, which bridges the epigenome and transcriptome, is a very 338 valuable resource for interpreting non-coding genomic region and understanding the 339 regulatory mechanism. In this study, we downloaded raw sequencing data of 871 340 DNase-seq experiments across 199 cell lines, 48 tissues and 11 biological systems from 341 ENCODE, and defined the openness of genomic regions from four perspectives. In 342 addition, we take an enhancer of the tissue of blood vessels provided by the VISTA 343
Enhancer Browser as an example to illustrate the valuable information provided by all 344 the four different types of openness from statistical perspective. Furthermore, we 345 designed a parallel program to endow OPENANNO with the ability to efficiently 346 annotate and visualize openness for a vast amount of genomic regions. Finally, we 347
introduced three examples to demonstrate the output of OPENANNO serves as 348 valuable input for follow-up regulatory mechanism and association studies.
Our web server has four main application scenarios. First, one can use our web 350 server to annotate openness of genomic regions, and then integrate the information of 351 openness to a machine learning model for superior performance. Second, one can use 352 our web server to visualize the openness of a specific genomic region to intuitively 353 understand this region has higher openness in which cell lines, tissues, or systems, and 354 thus contribute to the study of functional implications of this genomic region. Third, 355 our web server offers a new opportunity to reinterpret abundant data cumulated by 356 genome-wide association studies, and thus one can characterize variants by integrating 357 upstream openness annotated with our web server and downstream gene expression. 358
Finally, one can use the openness annotated with our web server to construct gene co-359 opening networks which provide a new perspective to association studies. 360
To better serve the academic community, we will continue to collect public data 361 and update OPENANNO regularly in the future. Our next plan is to provide the option 362 of other genomes or species, and the option of annotating using other chromatin 363 accessibility data, such as ATAC-seq data. We will continue to provide the openness 364 of other public and validated regulatory elements for downloading directly. According 365 to users' feedbacks, we will continue to improve the interfaces and performance of 366 OPENANNO. We believe that OPENANNO would serve as a useful tool for both 367 bench scientists and computational biologists, and shed light on studies including but 368 not limited to bioinformatics and system biology. 369
370
Materials and methods
371
Data collection 372
We first parsed a total of 41,418 JSON files from ENCODE to obtain detailed 373 information about experiments, biosamples, cell lines, tissues, and systems of the 374 DNase-seq data provided by the ENCODE project [18] . Under the constraint that each 375 experiment contains both narrow peaks and broad peaks, we downloaded raw 376 sequencing data of 891 DNase-seq experiments in human reference genome GRCh37 377 (hg19), and then identified experiments corresponding to 199 cell lines, 48 tissues and 378 11 biological systems. We collected datasets of regulatory elements from FANTOM 379 
Definition of openness 384
We defined the openness of given genomic regions from four perspectives, including 385 foreground read count, raw read openness, narrow peak openness, and broad peak 386 openness. Specifically, given the raw sequencing data of a DNase-seq experiment, we 387 provided the number of reads (N), i.e., foreground read count, falling at a specific 388 genomic region to facilitate special applications that may use raw read counts of a 389
DNase-seq experiment directly. To remove the effect of sequencing depth, we defined 390 the raw read openness (S) of a genomic region as the foreground read count (N) divided 391 by the average number of reads falling at a position in a background region of size W 392 surrounding the given region. The raw read openness (S) can be simply calculated as 393
where K is the number of reads falling into the background region of size W. The size 394 of a background region W is set to 1 M base pairs, according to the suggestion from 395 [36] . 396
Analogously, we defined the narrow peak openness (and broad peak openness) of a 397 genomic region as the number of narrow peaks (or broad peaks) overlapping with the 398 genomic region, divided by the average number of narrow peaks (or broad peaks) 399 overlapping with a position in a background region of size W surrounding the given 400 genomic region. 401
402
Parallel computing and real-time browsing 403
To facilitate querying reads and peaks at high frequencies, and the massive demand for 404 annotating openness of a large number of genomic regions, we designed a parallel 405 strategy that endows OPENANNO with an ability to efficiently annotate openness of a 406 vast amount of genomic regions. We used C++, a programming language known for its 407 high efficiency, to develop a multithreaded program that consists of a reading module, 408 a calculating module, and a writing module. As illustrated in 
